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I. SUMMARY

This research program was originally based on the prepara-
tion of the spinels ZnCr,0, and CdCr204 by sophisticated ceramic
methods and by single-crystal-growth methods. With the one ex-
ception of an isostatically pressed sample, no further samples
were produced by these methods. Fortunately, however, a large
variety of samples of these spinels unexpectedly became avail-
able from a separate Air Force program, and these latter samples
incorporated both multiple dopings, multiple stress configura-
tions, and combined doping + stress conditions. Also, very fine
grain powder samples became available, including Gd-doped pow-
ders; consequently, the experimental efforts in this program
became directed toward these alternate samples, and this in turn
steered the theoretical efforts in this direction also.

A novel drift method for measuring specific heats was
developed in order to extend the measurement capability to 100 K
and to take advantage of computer-interfacing. The method was
calibrated using ETP copper samples and the NBS tables.

Broad range specific-heat measurements were performed on the
spinels under a variety of conditions: (1) Undoped samples, in-
cluding high-purity samples; (2) Samples doped with Mo, V, Al,
and Gd, including sulfur-exchanged samples; (3) Glass/ceramic
composites which put the ceramic grains in tension; (4) Epoxy/
ceramic composites which put the ceramic grains in compression;
(5) Combined doping + stress conditions in glass/ceramic compo-
sites involving Al and Gd dopants; and (6) Very fine grain
ceramic powders, both undoped and Gd-doped. Thermal expansion
measurements were performed on some of the composite samples to
confirm that the thermal-expansion differences were such as to
put the ceramic grains in tension or compression.

No structure in the specific heats of either of these
spinels is induced above 15 K by any or all of the above pre-
paration conditions., Nor are the dominant specific heat peaks in
either of the spinels affected by stress effects, whether com-
pressive or 'tensile.



Magnetic susceptibility and EPR measurements were performed
on eighteen samples chosen from the above and based on the
results of the specific heat measurements. The samples chosen
for these measurements were the doped ceramic samples and the
high-purity samples (composites were not investigated).

Under a variety of doping conditions, the specific heat peak
in CdCr204 can be sharpened, broadened, or eliminated, and some
impurities must be present for the peak to appear. No conditions
in CdCr204 lead to a splitting of the peak, but, in contrast, in
ZnCr204 the specific heat peak is easily split into two compo-
nents by all dopants studied, regardless of the dopant spin. The
calorimetric, magnetic susceptibility, and EPR measurements are
in basic agreement in characterizing these effects.

Monte Carlo calculations show how the perfect frustration in
the cubic spinel lattice can be partially or fully removed by
tetragonal distortions. The theoretical conclusions are that
ZnCr204 is characterized by a partially frustrated, a < c,
second-order, antiferromagnetic transition, whereas CdCr204 may
remain essentially cubic and therefore highly frustrated. The
incorporation of spin-clustering successfully explains theore-
tically the splitting of the specific heat peak in doped ZnCr2 4’
regardless of the spin of the dopant (including zero spin).

The Monte Carlo calculations show the sensitivity of the
specific—heat properties to tetragonal distortions in the spinel
lattice. It is puzzling, then, that the specific heats are not
affected by tensile or compressive stresses.

In very fine grain powders (~ 100 X) of the spinels, broad
specific heat maxima are found which correspond to antiferro-
magnetic transitions. Surprisingly, a 5% Gd doping induces a
very sharp specific heat in ZnCr204 but not in CdCr204. Calori-
metric measurements show that powders have the highest density of
free spins below the transition temperature, especially so in the
case of Gd-doping. The EPR findings, however, are not in
agreement with this finding.

Monte Carlo calculations show that for the a < c tetragonal
distortion, the transition is second order; for the a > c¢ distor-




tion, however, the transition can be either first or second
order. Experimentally, the slow temperature drifts involved in
the multitude of specific heat measurements provide an extremely
sensitive method for resolving latent heats at first order tran-
sitions. In no case was any evidence seen for a latent heat in
all the specific-heat experiments in this program. Either all
transitions in all samples are second order, or what first-order
transitions may exist have very small latent heats.

Low temperature thermal contraction measurements on ZCN(9/1)
and CCN(9/1) ceramic samples show that there is a distortion in
the lattice constants of each material at the respective anti-
ferromagnetic transition temperature.

Anomalies in the dielectric constant are observed in the
neighborhood of the transitions in ZnCr204 and CdCr204 samples
prepared under a variety of conditions. These findings have been
explained theoretically by incorporating a coupling between the
polarization and the magnetization in the spin-frustration model.

Measurements of the ac conductivity of the spinel samples
have been performed in the neighborhood of the transition temp-
eratures. No new information was found as the samples act as
perfect dielectrics.

Directions for future research areas are discussed.




II. INTRODUCTION AND BACKGROUND

In the late 70's, Dr. W. N. Lawless, President of Ceram-
Physics, Inc., discovered two remarkable properties of the
spinels ZnCr,0, and CdCr,0,: (1) These spinels sinter into hard,
dense ceramic bodies if, and only if, a columbite mineralizer is
present; and (2) These ceramics exhibit enormous specific-heat
maxima at 10.5 and 8 K, respectively (The specific heat values
achieved approach that of water at room temperature). These dis-
coveries spurred several applied programs aimed at utilizing
these effects for the enthalpy-stabilization of superconductors;
programs funded from Wright-Patterson AFB were directed toward
Nb3Sn and, more recently, the YBCO ceramic superconductor, and a
NASA-funded program was aimed at NbTi. In the case of the Al5
intermetallic superconductors, long lengths of both Nb3Sn and
NbTi have now been coated with dielectric insulations which
incorporate these enthalpy-stabilizing spinels or variations of
these spinels.

The applied programs based on these spinels have led to
basic research programs funded by AFOSR to understand the
physics of these unusual materials. The first AFOSR program
(#F49620-82-C-0129) involved CeramPhysics, Westinghouse, and
Ohio State Univ., and in this program very precise specific
heat data were measured and analyzed on the spinel/columbite
ceramics. It was found that antiferromagnetic transitions
were involved, but a large density of free spins was present
below the transition temperatures. Anomalies in the thermal
conductivity at the transition temperatures were also found,
and the theoretical studies began to lay the groundwork for a
spin-frustration model for these spinels.

In the second AFOSR-sponsored research program (#F49620-
86-C-0049) the resources of CeramPhysics, Ohio State Univ., Penn
State Univ., and the Univ. of W. Virginia were marshalled to
further the research. The specific heat measurements were ex-
tended to pure samples of the spinels, and magnetocaloric meas-
urements in intense magnetic fields above and below the transi-




tion temperatures yielded a more complete picture of the free
spins and a phase diagram of magnetocaloric effects. Unusual
dielectric properties were discovered at CeramPhysics in that
the dielectric constant of both spinels displayed anomalies at
the antiferromagnetic transition temperatures. Magnetic sus-
ceptibility and EPR measurements at WVU provided needed data and
information on the nature of the transitions and the density of
free spins below the transitions. Theoretical progress at Ohio
State Univ. succeeded in explaining the salient features of the
specific heat and dielectric constant characteristics at the
transition temperatures. Unfortunately, the question of why the
columbite mineralizer leads to hard, dense ceramics of these
spinels was not adequately addressed at Penn State Univ.

In this the third AFOSR-sponsored research program, the
same institutions were involved as in the second program above,
and the experimental research was based upon the fabrication of
samples using sophisticated ceramic methods and single-crystal
growth methods proposed by Penn State. However, after the pro-
gram started, most of the ceramic methods were unilaterally
discarded by Penn State, and the single-crystal-growth attempts
were fruitless, leaving the present program devoid of the pro-
posed samples for experimentation. Consequently, on the advice
of AFOSR, the subcontract with Penn State was canceled in the
l6th month of this 18-month program, the crystal-growth research
was transferred to W. Va. Univ., and a no-cost program extension
was granted by AFOSR. As will be seen below, however, this pro-
gram rearrangement did not allow WVU sufficient time or funds to
complete the crystal-growth research.

However, approximately mid-way through this originally pro-
posed 2-year AFOSR program, a large variety of new samples based
on the ZnCr204 and CdCr204 spinels unexpectedly but fortunately
became available from an applied, parallel program funded by
Wright-Patterson AFB. In these samples, the spinels were sub-
jected to doping and stress conditions that had not hitherto
been investigated but which were suspected to contain rich in-
formation on the physics of these materials. This indeed proved




to be the case, and the present program diverted to extensive
experimental and theoretical studies of the new phenomena dis-
covered in these alternate samples. Consequently, this Final
Report deals primarily with the discoveries and physics related
to these alternate samples, and it might be argued by hindsight
that the findings reported here may be more important for the
physics of these spinels than what might have been learned from
the originally proposed Penn State samples.

This Final Report is organized along the following lines:
In Section III are documented the sample-fabrication efforts at
Penn State Univ. and the Univ. of W. Va., and in Section IV are
documented the extensive specific~heat measurements performed at
CeramPhysics, together with the development of a novel broad-
range specific heat measurement technique. In Section V, the
thermal expansion, dielectric constant, and ac conductivity
measurements at CeramPhysics are documented, and in Section VI
the magnetic susceptibility and EPR measurements at the Univ. of
W. Va. are documented. In Section VII the theoretical studies at
Ohio State. Univ. are documented, and Section VIII contains a
discussion of the results of the program and outlines future
research directions. Each Section contains a summary of the
findings for that section.

This Final Report is a large document, and no attempt has
been made to number the figures, tables, and equations sequen-
tially throughout the report. Rather, a decision was made to
write each section as a stand-alone section with the figures,
tables, and equations numbered sequentially within that section.
Thus, where necessary, for example, the figures are referenced by
the section in which they appear in the text.




III. SAMPLE PREPARATION METHODS AND RESULTS

Three types of CdCr,0, and znCr,0, samples were prepared for
this program: Ceramics, fine-grained powders, and single crys-
tals. The emphasis for the ceramic samples was placed on prepa-
ration methods (e.g., hot pressing), and the fine-grained powders
were prepared as starting materials for ceramic processing.

In addition to the above, samples of these spinels became
available from a separate research program funded by Wright Pat-
terson AFB. These samples comprised doped ceramics, ceramic/
glass composites, and doped-ceramic/glass composites. Going
further, samples of ceramic/epoxy composites from an earlier
NASA-funded program were also available.

In this Section, the preparation methods and results
specific to this AFOSR program are described. 1In Section III.A.
below, the efforts at Penn State Univ. are described, and in
Section II.B., the efforts at West Virginia Univ. (note that
Section I.A. also contains a description of the samples prepared
separately under the WPAFB program).




III.A. SAMPLE PREPARATIONS AT PENN STATE UNIVERSITY

EXPERIMENTAL METHODS

Polycrystalline Spinels

Fundamentally, fabrication technologies for all ceramic materials have the same basic
process steps which are: powder preparation, powder processing, green forming, densification
and final characterization.

Powder preparation techniques explored in this program to fabricate spinels and the fluxes
used in crystal growth, included 1) mixing/calcination; 2) coprecipitation; and 3) hydrothermal
methods.

These methods are reviewed in Table I. The mixing of components followed by calcination
to the desired phase(s) and milling is the most widely used powder preparation method and thus
was used to prepare the various crystal growth fluxes and much of the spinels and spinel/glass
composites. However, the high temperature calcination generally produces an agglomerated
powder which requires milling, in which powders in the range of ~ 1-2 | are easily achieved, but,
contamination may occur.

Table1
Some of the methods used to prepare powders.(!)

Method Particle Size Comments
Mixing/Calcination Submicron to hundreds of - Impurities from starting
microns materials and milling
Coprecipitation If calcined, near size of - Possible CI- due to poor
<05u wash
- Milling usually required
- Low impurity level
Hydrothérmal Nanosized--50 pm - Low amount of crystalline
defects

Coprecipitation is a chemical technique in which compounds are precipitated from solution
by the addition of, for example, a hydroxide. The metal salt is then calcined to the desired phase.
The advantage of this technique over mixing/calcination techniques is that more intimate mixing
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generally occurs. Consequently, lower calcination temperatures can be used, typically resulting in
finer particles.

Hydrothermal processing uses hot water above 100°C under pressure to produce
crystalline oxides. The advantage of this technique is the powders can be produced at temperatures
significantly lower than those required for calcination. Again, very fine well crystalline powders
can be produced.

Initially, both hydrothermal or co-precipitation preparation techniques were proposed to
prepare powders that were (1) high purity and (2) reactive, being submicron in size.
Hydrothermal processing was thought to be an ideal powder preparation technique, but preliminary
analysis of the spinel systems proposed indicated that very high pHs (> 12) would be required,(2)
resulting in compromised/purity due to severe reaction with the material construction, e.g., the
nickel liner in the autoclave, etc. In addition to the problem of Ni contamination successful
hydrothermal processing requires much trial and error and thus coprecipitation was chosen and
found to be a much simpler process capable of producing fine powders, however, the question of
purity levels is still uncertain. Henceforth, to look at purity, 99.999% pure oxide components,
ZnO+, Cra03*, and CdO* were obtained and the associated spinels fabricated using carefully
controlled mixing/calcination technique. Spinels prepared using conventional reagent grade
powders* (~ 99%) were made in parallel for comparison.

Green Forming and Densification

As in powder fabrication there are many different ways to form green ceramics, but in this
work only uniaxial pressing was used. In this method powders and binders added to provide
green strength, were simply placed into a die (typically cylindrical in shape) and pressure applied
through rams.

Densification techniques generally require high temperatures to eliminate porosity in the
green ceramics. In addition to pressureless sintering, hot pressing techniques are used. As
previously stated, dense polycrystalline ceramic spinels could not be made readily without the
addition of columbite mineralyzers, thus hot pressing techniques were suggested. However, in the
course of the study it was found that highly dense samples of ZnCr,0O4 could be readily achieved
using high temperature pressureless sintering (2 1600°C) if one controlled ZnO volatility. In
addition, dense ceramics could be obtained using just conventionally prepared ZnCroO4 powders.
This discovery was made after the work statement of the new proposal was made and as such had
not been included.

Utilizing hot pressing, highly dense samples of ZnCr04 could be achieved by hot uniaxial

+Alfa Products, Morton Thiokol, Danvers, MA 02927

-10-




pressing (in vacuum) at temperatures as low as 1400°C, again using only conventionally prepared
mixed oxide powders. However, as shown in the schematic of the hot press*+* in Fig. 1, the
sample must be in contact with the pressure vessel, being graphite with boron nitride powder for
lubrication which may lead to contamination. The question of cation reduction in & vacuum at high
temperatures was also a concern.

For the case of the Cd spinel, densification could not be achieved by conventional sintering
due to the very high volatile nature of CdO. Hot uniaxial pressing was not feasible again due to the
CdO volatility and CdO --> Cd metal reduction problem which would severely contaminate the hot
press. Hot isostatic pressing of ZnCrpO4 was deemed to be unsuccessful based on the HUP
results with the temperature limitation of the HIP being only 12000C. +++

Though ultrafine powders of the spinels were successfully prepared, and were found to be
more reactive in terms of phase formation, as with most fine powders they did not pack efficiently,
resulting in low green densities and corresponding low fired densities. The latter may have been
artributed to a volatility problem associated with the very high surface area of the powders.

Further details of the experimental methods will be presented in the next section.

CHARACTERIZATION

Characterization of the powders and sintered ceramics were performed to insure reliable
results in terms of phase purity, particle size, etc. Component powders were characterized for
Loss on Ignition (LOI) to insure stoichiometry. X-ray powder diffraction was used to examine
phase purity of the raw materials and to determine phase(s) present in calcined samples. X-ray
diffraction was also performed on sintered samples to again insure phase purity of the spinels.
Particle size of the coprecipitated powders as well as other powders was determined through the

use of specific surface area.* The average particle size was determined based on the following
equation:

6
S. A=
PDsyy

where S.A. is the surface area in m?/g, p the theoretical density in kg/m3 and Dsa v the average

*+Quantachrome Inc., Model MS-12, Syosset, NY 11791

++Advance Vacuum Systems, Inc., Ayer, MA 01432 (Model 4VGF-4-4-2200-3 (HP) Vertical Hot
Press)

+++HIP Model 3000, LECO Corp./Tem-Press Div., Bellefonte, PA 16823

—ll..




diameter assuming spherical particles. For extremely fine powders. e.g., << 1 um, which are out
of the realm for sedigraph and light scattering techniques,(3) the BET surface area technique used
was felt to be the simplest and most reliable, in particular, as compared to x-ray diffraction line
broadening.

The density of green formed and sintered samples were determined by geometric means.
Weight loss of samples before and after sintering was used to determine the level of ZnO or CdO
volatility.

Microstructural characterization of densified samples was performed using Scanning
Electron Microscopy or SEM to determine relative grain size(s), porosity, etc.

SINGLE CRYSTAL GROWTH

The usual method of obtaining crystals from melts cannot be applied to the ZnCryO4 and
CdCr204 spinels owing to their high vapor pressure of ZnO and CdO near the melting points.
Thus, it was suggested the crystals be obtained using the flux growth technique. Basically, the
flux growth technique involves a mixture of the material and a flux(s) heated until molten,
thereafter controlling the nucleation and growth to yield single crystals.

A literature search on crystal growth resulted in three potential flux growth systems. In the
search, literature on various properties associated with the spinels was also found and the
information was sent to CeramPhysics.(4-8) Little information on CdCry0y4 spinel single crystal
growth was obtained, data being mostly on the ZnO analogue. This was probably due to the
problem of CdO volatility, reactivity, and its carcinogenic toxicity. Thus, only growth of the
ZnCr204 spinel was felt possible. It is important to remember that crystal growth using the flux
technique is a relatively slow process and as such, growth runs generally took at least one week to
perform.

Various fluxes reported and associated references are presented in Table II. Details of the
crystal growth processes are presented in the next section.

Table I
Flux growth components of ZnCr,04 crystals.
Flux(s) Reference
NayW207 + NaaWO4 (C))
PbO, PbF; + MoO3 S)
Bi2O3 (6)

_12—




EXPERIMENTAL PROCEDURE AND RESULTS

In this section we will fully describe the experimental methods used to fabricate and
characterize the various spinels as proposed. The results reported and methods selected were
based on best effort and our scientific judgement as the work progressed.

It is important to mention that during the course of this program the toxicity of CdO and Cd
based compounds were upgraded to a carcinogen and thus more work was performed with the
ZnCry04 spinel analogue.

The following section will be organized into three parts (1) polycrystalline spinels, (2)
single crystals, and (3) doped-spinels and glass composites.

POLYCRYSTALLINE SPINELS

High Purity Spinels

To prepare high purity polycrystalline spinels, 99.999% purity component powders of
Zn0, CdO, and Cro03 were obtained. The component powders were characterized for loss on
ignition to insure chemical stoichiometry.

The powders were weighed out according to the appropriate spinel formula and placed in a
nalgene bottle with alcohol and ZrO, media. Mixing was performed using a vibratory mill.+ The
media used was of a particular hard and wear resistant type to avoid possible contamination.
Following drying the powder was placed in a 99% dense alumina crucible and calcined at 1150°C
for 4 hrs. for the ZnCr204 mixture and 9500C for the CdCryO4 mixture. To insure completion of
spinel formation the mixtures were doubly calcined. X-ray powder diffraction was used to insure
that the powders were fully reacted. X-ray powder diffraction patterns are presented in Appendix
A. SEM photomicrographs of the calcined powders are shown in Fig. 2. As evident in the figures
the particle sizes were in the range of 1-2 y.

The calcined powders were then pressed into cyclinders (approx. 1/2" diam. by 1/4" thick)
using a small hydraulic press. The green densities of the pellets were calculated geometrically from
the weight and dimensions determined using a micrometer. Note: After green pressing the surface
of the disks were polished to remove any contamination as a result of the die.

Sintering of the disks were done in closed high purity alumina crucibles. The pellets were
placed on platinum foil to avoid any reaction between the spinel and the Al,O3. Closed crucibles
were used to help prevent ZnO and CdO volatility.

+Sweco, Inc., Model-18-5, Florence, KY
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Figure 2.

HIGH PURITY

HIGH PURITY ZNCR204 POWDER
4 HRS.

SEM photomicrographs of calcined high purity spinel powders.
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A molybedum disilicide resistance furnace (or SiC type) with a programmable controller
was used for the firings. The ZnCry04 samples were fired at 16000C for 4 hrs. with the CdCr204
being fired at 1250°C also for 4 hrs. It had been previously observed that higher firing
temperatures resulted in excess weight loss through volatilization.

The fired disks were then characterized for weight loss, geometric density, phase purity,
and grain size as determined by SEM analysis. The fired samples were found to have < 1 wt%
loss and were phase pure. See Appendix A for x-ray powder patterns. The grain size as
determined by SEM of fractured surfaces were found to be ~ 5-10 y for ZnCr2O4 and 1-3 p for the
CdCry04, spinels, respectively. SEM photomicrographs of the sintered ZnCrpO4 spinel is shown
in Fig. 3. The various physical characteristics are reported in Table ITL

To be able to compare the effect of pyrity on the low temperature properties, conventional
reagent grade powders (~ 98-99% pure) were obtained and processed in parallel as the high purity
samples. The physical characteristics are presented in Table III for comparison. Also, SEM
photomicrographs are shown in Fig. 4. As presented in Table III, the density of all the samples
were quite low as compared to the theoretical values of 5.47 g/cc and 5.86 g/cc for ZnCryO4 and
CdCr;04, respectively. Note that the high purity ZnCr2O4 samples had a significantly lower
density than that for the conventional sample. This was probably attributed to impurities enhancing
the sintering kinetics.

Table III
Physical Characteristics of High Purity and Reagent Grade Spinels.

‘ Density Grain Size
Material Firing Condition glee Phase (um)
ZnCry04 :
(Reagent Grade) 16000C/4 hrs 3.6 Spinel 4-5
99.999% 1600°C/4 hrs 2.5 Spinel 5-10

. (Bimodal)

CdCr204
(Reagent Grade) 12500C/4 hrs 2.6 Spinel 1-3
99.999% 12500C/4 hrs ~2.6 Spinel 1-3
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Figure 3. SEM photomicrographs of sintered high purity ZnCr204 spinel (fractured surface).
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Conventional Pressureless Sintering

As previously stated, highly dense (> 90% theoretical) polycrystalline disks of ZnCr204
could be achieved by controlling the ZnO volatility. This discovery was found near the end of the
previous program. Using this approach permits us to fabricate samples, that would otherwise be
possibly contaminated in hot pressing and is overall a simpler process.

The samples were prepared similar to that described for the high purity samples. A double
calcination step was again used to insure phase purity. See Appendix A for x-ray powder
diffraction patterns. To enhance the reactivity of the powders, the calcined slug was ground using
a mortar and pestle and subsequent comminution was performed using a vibratory mill. The
powders were milled to ~ 1-2 W in size.

To be able to control the ZnO volatility, a ZnCryO4 firing sand was prepared. A firing sand
is a powder of similar composition, but somewhat coarser than that being sintered. Firing sands
are commonly used in controlling PbO volatility in such compositions as Pb(Mg1/3Nb2/3)03 and
PW(ZrTi)O; electronic ceramics. Firing sands are also used in firing multilayer capacitors to aid in
temperature uniformity.

The firing sand was prepared similarly to that of conventional ZnCryO4 powder, except that
multiple calcinations were used (950°C --> 1150°C --> 13000C) to coarsen the powder while
preventing ZnO volatility. The resultant calcine slug was broken down using a mortar and pestle
followed by hammer milling.* The pressed disks were buried in the sand and placed in a closed
alumina crucible.

Samples were fired at various times and temperatures ranging from 0.5 hrs to 8 hrs and
from 1400°C to 1700°C. The wide range of sintering conditions were used to determine the
lowest temperature at which densification would occur and to vary the grain size. The temperature
of 1700°C was found to be the maximum allowable, based on weight loss due to ZnO volatility.

The fired samples were characterized for density, phase purity, and grain size with the
results reported in Table IV. See Appendix A for x-ray diffraction analyses. SEM
photomicrographs are shown in Fig. 5.

As shown in Fig. 5 and reported in Table IV, highly dense samples (> 90% theoretical)
could be achieved at temperatures as low as 1600°C. It is interesting to point out that samples fired
at 1600°C, as reported earlier in Table ITI, being fired without the ZnCr,O4 sand, were
significantly lower in density (~ 65% theoretical), thus showing the importance of ZnO partial
pressure control.

Sintering at temperatures greater than 1600°C was found not to further enhance
densification, probably due to increased ZnO volatility. Little grain size variation was achieved for

*+Spex Industries, Mill Model 5200, Metuchen, NY 08840
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the dense samples with all the grain sizes in the range of 5 to 10 u. Grain sizes for samples fired
below 1600°C were smaller, but the samples were poorly densified.

As with the ZnCr204 spinels, a CdCryOy4 firing sand was prepared and disks were fired.
However, no significant increase in densification was observed. Severe CdO weight loss was
found to occur at temperatures above 13000C.,

No further attempts to control the CdO volatility were made due to the fact that CdO is
carcinogenic and as such we did not want excessive amounts of free CdO contamination.

Hot Pressing
Using reagent grade powders, prepared in the previous section, one inch diameter disks of

ZnCry04 were hot uniaxially pressed at 3000 psi in vacuum at various temperatures including
12500C, 1400°C, and 1450°C. Temperatures greater than 14500C were not tried due to excessive
ZnO loss as evident by ZnO or Zn deposits in the hot press. The pressed disks were found to be
much darker than conventionally fired samples which may have indicated partial reduction of the
Zn*2 or Cr*3 cations.

Characterization of the disks, by x-ray diffraction (see Appendix A), however revealed that
the samples were phase pure spinels. The samples were characterized for geometric density and
grain size with the results reported in Table V. SEM photomicrographs are shown in Fig. 6.

Densities > 90% theoretical were obtained for hot pressing at 2 1400°C, temperatures
significantly lower than those needed for the conventionally sintered samples. However, a
question of volatility as well as reduction remains. Being fired at lower temperatures, the grain
sizes were lower only 1-2 j.

' Table IV
Physical Characteristics of *Sintered ZnCr,04 Spinels.
Material : Firing Condition . Density (g/cc) Phase Grain Size (um)
ZnCr04
(Reagent Grade) 1500°C/4 hrs 3.18 Spinel 1-3
. 1550°C/8 hrs i 2.73 Spinel 1-3
1600°C/4 hrs 4.9 Spinel 5-10
1650°C/4 hrs 4.8 Spinel 5-10
1700°C/0.5 hrs 4.8 Spinel 5-10
*Firing sand of ZnCry04 was used.

From Tables IV and V, it is shown that grain sizes ranging from 1 to 10 p were achieved
for ZnCrpO4 while maintaining good densification. The fact that densification of ZnCry04 through
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Figure 4. SEM photomicrographs (fractured surface) of conventionally prepared sintered

spinels. Top: CdCr2O4 sintered at 12500C/4 hrs. Bottom: ZnCr204 sintered at
16000°C/4 hrs.
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Figure 5. SEM photomicrographs (fractured surface) of ZnCryO4 spinels. Top: sintered
1600°C/4 hrs (firing sand). Bottom: sintered 1700°C/0.5 hrs (firing sand).
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hot uniaxially pressing could only be achieved around 1400°C, clearly indicated that hot isostatic
pressing (HIP), which is limited to ~ 12000C, would not result in dense samples and thus was not
tried.

As stated, the high volatility associated with spinel CdCro04 and its potentially hazardous
reduction capability (CdO-Cd metal.), made it impossible to attempt hot pressing. In addition the
reactive nature of the CdO would result in high degree of contamination.

Table V
Physical Characteristics of Hot Pressed ZnCr,04 Spinel.

Hot Press Conditions Density

Material (3000 psi) glee Phase Grain Size
ZnCry0O4
(Reagent Grade) 12500C 3.7 Spinel 1-2
14000C 5.1 Spinel 1-2
1450°C 5.0 Spinel 1-2
(a f_ew large
grains)
Chemically Prepared Spinels

A chemical method for the preparation of fine powders of ZnCr,04 and CdCrpO4 spinels
was developed. Using ZnCryOy4 as the example, the method consisted of the following steps:

)] Dissolve 24.72 grams (0.1 moles) of Cr(C;H302)3-H20 and 10.98 grams (0.05 moles) of
Zn(C2H302)-2H50 in 500 ml distilled H>O at 65-80°C.

(2)  Dark green solution resulting from step (1) is added slowly to a stirring solution of 20 wt%
tetracthyl ammonium hydroxide (TEAOH).

(3)  The resulting solution from step (2) is pan dried at 120 to 140°C for 24 hours to form a
black powder.

4) The black powder is then calcined to form the desired spinel ZnCr,O4 powder.

The key to the above process for the preparation of a fine and highly reactive spinel
ZnCr04 powder is the atomic-scale mixing in the liquid state, so that calcination at low

-21-
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Figure 6.  SEM photomicrograph of hot uniaxially pressed ZnCryO4 spinel (fractured surfaces). Top left: HUP @ 12500C. Top
right: HUP @ 1400°C. Bottomright: HUP @ 14500C.



temperatures converts the dried salts to the desired oxide form. In the above method, the addition
of the acetate solution to TEAH solution allows for excellent mixing because the TEAOH
"complexes" with the acetates in solution. Without this step, segregation of the acetates would
occur upon drying and the atomic-scale mixing would not be achieved. Using a similar method,
the preparation of fine powders of CdCr,04 were also prepared.

As prepared, the dark precipitated powders were amorphous to x-rays. To determine
optimum calcination conditions in which to form the appropriate spinels both D.T.A.+--differential
thermal analysis and T.G.A.+*--thermal gravitational analyses were performed. Figure 7 is a DTA
pattern of the chemically prepared ZnCryO4 powder showing several exothermic and endothermic
reactions. The cxotherms at low temperatures (250-3500C) are the result of organics being
released as evident by the T.G.A. (Fig. 8) indicating a large weight loss at these temperatures. The
large endothermic reaction around 590°C is believed to be the ZnO + Cro03 --> spinel formation
reaction. This is confirmed by the x-ray powder diffraction analysis shown in Fig. 9 clearly
indicating single phase spinel for a calcine temperature of only 600°C. Powders calcined at
600°C, 700°C, and 800°C were characterized for specific surface area to determine the particle size
with the results reported in Table V1. X-ray powder diffraction patterns for the 700°C and 800°C
are shown in Figs. 9 and 10, respectively.

The DTA pattern for the chemically prepared CdCrpO4 powder is shown in Fig. 12, being
somewhat different than that for ZnCrsO4. As shown in Fig. 12, several exotherms and
endothermic reactions occurred. The large exotherm(s) at low temperatures (250 - 350°C) are the
result of organics being released as evident by TGA, shown in Fig. 13. An endothermic reaction
around 530°C and perhaps 600°C could be associated to the CdO + Cr,03 --> spinel formation.
Calcination studies of the chemically prepared powder at 500°C, 600°C, 700°C, and 800°C
were performed. X-ray powder diffraction analyses shown in Figs. 13-185, clearly establishes that
even at 500°C, single phase CdCryOy4 spinel was formed and from the sharpness of the peaks the
powders were well crystallized. Virtually no difference in the x-ray powder patterns for the
various calcinations were observed. As with ZnCr,Oj spinel, the calcined CdCry04 powders were
characterized for specific surface area to determine the primary particle size with the results
reported in Table VI As presented with increasing calcination temperature surface area decreased
and subsequently the particle size increased. Both powders were found to be significantly less

*+Perkin Elmer, DTA 1700, Norwalk, CT 06856
++Harrop Laboratories, Model T6716, Columbus, OH 43219
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than 0.1 g as proposed in the work statement, with the ZnCr,O4 somewhat finer than the
CdCr204 powder.

Obviously, the above powders were found to be much more reactive than the conventional
oxide mixtures which require calcination temperatures greater than 900°C. However, o
enhancement in terms of densification was observed. Green pressed samples of the coprecipitated
spinel powders were sintered using appropriate firing sands at 1300°C and 1400°C for the
CdCr204 and ZnCr04, respectively. As reported in Table VII, the resulting densities were less
than 50% of theoretical. The low densities were probably due to the inability to obtain well packed
powder, a common problem in ultrafine powders and also perhaps the question of volatility is most
severe in such high surface area powders.

Table VI
Powder Characteristics of Chemically Prepared ZnCr,04 and CdCr,04 Spinels.

Specific Surface  Primary Particle

Material | Calcine Condition ~ Phase Area (m?/g) Size (jum)
ZnCr204 600°C/4 hrs Spinel 79 0.014
700°C/4 hrs Spinel 82 0.014
800°C/4 hrs Spinel 64 0.018
CdCry04 500°C/4 hrs Spinel 34 0.029
600°C/4 hrs Spinel 29 0.035
700°C/4 hrs Spinel 19 0.055
Table VII

Physical Characteristics of Sintered Spinels Using Coprecipitated Powders.

Density
Material Sintering Conditions g/cc
ZnCryO4 14000C/4 hrs in ~24
ZnCryO4 sand
CdCry04 1300°C/4 hrs in ~2.5
CdCr204 sand
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Single Crystal Growth

As reported be Ferretti,®) Kino,(7) and Leccabue, () single crystals (millimeter sizes) could
be grown using various flux growth techniques. In this section we will describe the methods and
variations therein based on their work performed in exploring the possibility of growing single
crystals of ZnCrpO4. Much of the work presented was overseen by Dr. Z.P. Chang who has
many years of experience in the growth of oxide crystals. Dr. Steven Markgraf who also has
many years of experience in crystal growth, assisted in selection of fluxes as well as the growth
techniques.

The flux growth techniques used involved the mixture of the spinel ZnCryO4 or
stoichiometric amounts of ZnO and Cr,O3 powder with varying amounts of fluxes. As reported,
three families of fluxes were chosen: (1) combination of sodium tungstates Na,W207 and
Na;WO;4, (2) PbO and PbF;, and (3) BizO3. In the first case, the sodium tungstate fluxes had to
be prepared. Preparation involved standard mixing/calcination of stoichiometric amounts of NapO
and WO3. X-ray powder diffraction was used to insure phase purity.

The various mixtures of flux and spinel powder were placed in a platinum crucible or an
alumina crucible, both covered with a lid to help prevent volatilization.

The crucibles were then heated in an insulated furnace using silicon carbide rods as heating
elements. A conventional type globar box furnace and a furnace specifically designed to grow
crystals by the flux technique were used. Both types of furnaces were microprocessor controlled.

Flux growth variables included (1) flux type, (2) unreacted ZnO and CrOj3 or calcined
ZnCry04 spinel powder, (3) flux/spinel molar ratio, (4) soak temperature and time, and (5) cooling
rate. In addition several runs were made in flowing nitrogen. ‘

More than 30 flux growth runs were attempted with representative runs and associated
variables summarized in Table VIII. As presented crystal growth runs were quite time consuming,
generally taking more than ] week to complete.

Initial growth runs using ZnO and Cr,O3 as starting materials with NayW>0O7 and NayWO4
fluxes were found to have problems. Using a NaOH solution to dissolve the flux, x-ray powder
diffraction of the residual powder yielded a very complex pattern consisting of many diffraction
peaks, shown in Fig. 17, none of which corresponded to ZnCryO4. Additional growth runs
(e.g., #2 and 3) using unreacted ZnO and Cr03 did yield small crystals, and upon dissolving
away the flux, submillimeter plate-like crystals were observed. Using the SEM, EDS (energy
dispersive spectroscopy) analysis on the crystals was performed and shown in Fig. 18.
Surprisingly, the major peaks corresponded to Cr only, with no peaks corresponding to Zn
observed. A few of the crystallites were collected and placed on a microscope slide for x-ray
diffraction analysis. The corresponding x-ray diffraction pattern is shown in Fig. 19. Because of
the small number of crystallites, all in the form of platelets, only one peak corresponding to a d-
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spacing of 2.256 A could be observed. This agrees well with the d-spacing of 2.264 for an hkl =
006 reflection of CryO03.

The above results suggested a loss of ZnO occurred through evaporation. Hence, to reduce
loss of ZnO, the component powders were prereacted. Crystal growth runs with prereacted
ZnCr04 powder resulted in only very small crystals, but at least when washed with NaOH, x-ray
diffraction analysis corresponded to the spinel structure (see Fig. 20) except for two lines, which
are perhaps due to residual flux.

Crystal growth runs using BizO3 as a flux were generally more successful than the
others. X-ray diffraction of ZnCryO4 flux runs corresponded to the spinel phase as shown in Fig.
21.

X-ray diffraction using a Gandolfi camera, a technique designed for analysis of small
single crystals, was performed on several shiny single crystals from BipO3 flux runs. From the
diffraction film strip schematically shown in Fig. 22 and the associated tabulated data reported in
Table IX, it is clearly evident that the crystals were ZnCryOy4.

An optical photograph of some of the small crystals or crystallites is shown in Fig. 23. In
summary, though many flux crystal growth parameters were used only a few tiny crystals of
ZnCr04 spinel were successfully grown.

Doped Spinels and Spinel/Glass Composites

The effect of various dopants and/or stress effects on the undistorted spinel lattice and
subsequent properties was originated under a separate Wright Patterson AFB (Contract # F33615-
86-263715 B5871-0351) which ended September 30, 1987.

From this work it was felt that the basic physics discovered on these materials warranted
further investigation at the request of Dr. William Lawless of CeramPhysics, Inc. and samples
were prepared. Details of the basic physics results and their understanding were reported with
much of the work performed at Ohio State University.

The fabrication and characterization of various doped spinels and spinel/glass composites
will be presented in this section.

Fabrication and Characterization
Doped Spinels

In the Wright Patterson AFB work, many dopants were suggested and tried, but in this

work only Al*3 and Gd*3 dopants on the B-site replacing Cr*3 of the ZnCryO4 spinel were used.

The dopant levels of Al;03 used were 1, 3, 6, and 10 mole% with only one dopant level of
Gd;03, that being 2 mole%. The component powders of ZnO and Cr203 and dopants were

..39_




os or o€ o2 ot
o - I I J;ﬂ&lrl.r’h . } 1 | %JTI_ | S SR WV SO Sy .
ot L . 0°0S%
o2 _ . 0-00%
o€ | - 0°oat
oY . L. 0°002
os | T 0°'0se
09 . : L. 0°00€
0L r L. 0°0GE
N
08 . 0°o0ov
06 . n . O'oOsY
oof_ F r I _ 0° 008
5 28°° se 2 86°2 44 - M) —
6SO0PS°T "M OEO0° 0 :d3lsS o08°'% :-1d e ST :3WIL Z8/81 /2% :31va
VSN/9V.LINIIS alx : IN°ONVYHIZ™ ‘N4

‘¥oCuguz jo suna ymoub Xn(4 A|4ed ul umoub S[RISAUD [[ewS |e4dAdS JO UOLIDRUYJLp J3pMod Kea-X *6] dunbygy

-40_




lllIIIIIlllllllllllllllllllllllllll||ll|lll|llll|lll||llll|l|ll|l1

+a3pmod pajdeauaud
BuLsn una yamoab |e1skud ¥gcuguz wouy uspmod [enpisau jo uudjjed uoildeadjip J9pmod Aeua-X °02 aunbt 4

{ -
r” 1 "
i ik
..?L. Vi
! |
1 1] ,
i |
| ¢
H
i

M

JIWJ_ Hm?rﬂA x..jr w..

NIHIU T W

IR A

A

1 [AE2 Ead h

it _,ﬁ

3 N :

HHTHIRRIE i

E L

i w:_ ik i
it ¥
g *r P L




0L 09 oS ov O€ o2

0 - _ e - . _ . 0'0
R ALY T I IARET A ARG AN ‘ N SO R T SO R R RN T
_ ’ | !
oF - . 9°/2
oz | = S n w | €°s6
& [ B W A n
L o op - v S &
o€ & B 4 ~ . 6°'28
» - e i)
A o
o S
or _ N o o - |- 9°0°T%
n
: w
, N N . N
0s | N N o n 2 '8ct
n 0 £ ﬁl
P o o '
M.: ¢ M‘ N o N o o~
os | o + - N n — 6°881 | ¥
° (VY]
- N
0L — » . G° €6
N
[
o
08 _ | 2 322
n
N
06 _] ® _ @-'ev2
F S
oot T T T T T N
x vE" T bS T 28°'% G2'2 86 2 Py P gyn
650PGS°T TIM OEO 0 ‘d3ls osvr"0 - 1d 6 1V mvaH.r 88/e2/8 :3lvd
VSN/9V1INIJS 03Z ‘a1l INT700Z ‘Nd

xniy €021g Bulsn suna ymoub [B3SAUD wouy 49pMod |enpisad JO uOLIdRayip a3pMod Aea-X 1z aunbiy




!

Figure 22. Representation of diffraction film strip obtained using Gandolfi camera.

Table IX
Tabulated data from Gandolfi x-ray diffraction pattern of ZnCryO4 crystallites.

I d ZnCryO4

Left Right  (Intensity) 40 26 A hki
96.60 152.10 w 55.50 27.75 3.2148
93.40 155.25 M 61.85 30.925 2.8911 220
87.95 160.75 S 72.80 36.40 2.4682 311
86.66 162.45 vWw 75.79 37.895 2.3739 222

(uncertain)
80.15 168.70 w 88.55 44275 2.0456 400
76.1 173.00 VW 96.90 48.45 1.8788 331
(not sure) (not sure)
69.8
(broad or 179.4 M 109.88 54.94 1.6712 422
double peak) :
69.25
66.00 183.10 S - 117.10 58.55 1.5765 511
60.10 188.70 S - 128.60 64.30 1.4487 440
51.60 197.70 w 146.10 73.05 1.2953 620
48.45 200.80 M 15235 76.175 1.2497 533
43.90 205.80 'A% " 161.90 80.95 1.1876 444
VW-Very Weak
W--Weak
M--Medium
S--Strong
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Figure 23,

* e

Optical photo
growth.

graph of several small crystals of ZnCr204 growth using Bi2O3 flux
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mixed/calcined as previously described. Upon calcination, the powders were characterized for
phase purity using x-ray powder diffraction. See Appendix A for x-ray diffraction patterns of
selected samples.

Due to the limitations of x-ray powder diffraction being typically ~ 2% it was difficult to
determine whether or no* the dopants successfully entered the spinel structure.

Disks were fabricated from the calcined powders and sintered at various temperatures. The
samples were fired in a closed crucible to help prevent ZnO volatility and as expected the resultant
densities were low. The sintered samples were characterized for phase purity, with the results
reported in Table X. SEM analysis was used to investigate possible second phases and to
determine the grain size. Representative SEM photomicrographs are shown in Fig. 24. From
these results it appeared that the dopants went into the spinel structure. However, at high sintering
temperatures (~ 1600°C) it appeared, based on x-ray diffraction, that AlO3 possibly leached back
out of the structure.

All in all, it was difficult to ascertain the degree or level of dopants actually incorporated
into the spinel structure. Little or no effect of the dopants on sintering and the microstructure of the
spinel ceramics were observed.

Glass/Spinel Composites

Two types of glasses (Corning #7052 and 7570) were used to fabricate various spinel/glass
composites. Physical characteristics of the glasses are reported in Table XI. The glass/spinel
composites were prepared by wet mixing various amounts of the selected glass and spinel
powders, using a vibratory mill. The powder mixtures were then dried followed by green
forming. The samples were then fired at 950°C/4 hrs. Due to the low working point of the
glasses, the firing temperature used was relatively low as compared to the spinels themselves.

The fired composites were characterized for geometric density and x-ray diffraction was
performed to look at possible chemical reactions between the spinels and the glasses. SEM
microstructural analyses was performed on various composites. The physical characteristics of the
composites are reported in Table XII, and representative SEM photomicrographs are shown in Fig.
25. The SEM photos revealed that the glasses appeared to wet the spinel powders. Naturally, at
such low firing temperatures, no grain growth occurred, with the particle sizes of the spinels in the
range of 1-3 . Based on x-ray diffraction little if any reaction between the glass and spinels was
found to occur. See Appendix A for representative powder diffraction patterns.
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Table X

Physical Characteristics of ZnCr204 Spinel with Various Dopants.

Material Firing Conditions Phase
ZnCry04 + 1% Al O3 12500C/4 hrs Spinel
14000C/4 hrs "
16000C/2 hrs
+3% AlrO3 1250°C/4 hrs Spinel
14000C/4 hrs n
1600°C/2.5 hrs Spinel + Al,O3
+6% AlO3 1400°C/4 hrs Spinel
16000C/2.5 hrs Spinel + AlrO3
+10% Al,O3 12500C/4 hrs Spinel
1300°C/4 hrs "
1600°C/2.5 hrs Spinel + Al,O3
ZnCry04 + 2% Gdy03 1150°C/4 hrs Spinel

No additional characterization was performed on the composites.

To look at whether or not stress due to thermal expansion mismatch between the spinels
and glasses actually occurred, the lattice parameter of the cubic spinel structure as determined by x-
ray powder patterns (see Appendix A) were run on ZnCrpO4 powder and ZnCryO4/glass
composite, both with Pt internal standards. No shift or splitting of diffraction peaks or the lattice

parameter was observed.

Table XI

Physical Characteristics of Corning Glass #7570 and #7052

Density
Material Working Point glcc
7570 5600°C 5.42
(High Lead Silicate)
7052 1115°C 2.20
(Borosilicate)
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Figure 24. Representative SEM photomicrographs of sintered Al*3 (top) and Gd*3 doped
ZnCr,04 spinels (fractured samples). Note: Top photo--marker = 10 p.
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Table XII
Physical Characteristics of Spinel/Glass Composites
Material Density -

Spinel/Glass (w1%) Firing Condition g/cc Comment
ZnCry04 + 50% 7570 9500C/2-4 hrs ~42 No Reaction
ZnCrO4 + 30% 7052 9500C/2-4 hrs ~2.6 No Reaction

+ 50% 7052 9500C/2-4 hrs ~29 "

+ 70% 7052 950°C/2-4 hrs ~24 e
CdCr;04 + 50% 7570 9500C/2-4 hrs ~36 No Reaction
CdCryO4 + 5% 7052 9500C/2-4 hrs No Reaction

+ 10% 7052 9500C/2-4 hrs e

+20% 7052 9500C/2-4 hrs "

+ 30% 7052 9500C/2-4 hrs "
SUMMARY

The role of Penn State University in the Air Force Program on "Research on High Specific
Heat Dielectrics,” was to explore and investigate new ceramic preparation methods for the highly
frustrated spinels CdCr2O4 and ZnCr204. In particular, the concept of new preparation techniques
arose from the need to prepare highly dense spinels without the use of columbite sintering aids. In
addition to polycrystalline spinels, it was desired that PSU should explore the growth of single
crystals using flux growth technique.

To achieve these goals the proposed work plan was presented in the letter proposed(©) to the
Air Force which included the following:

1. Explore flux growth techniques to fabricate single crystals.

2. Investigate both HIP (hot isostatic pressing) and HUP (hot uniaxial pressing) to fabricate
dense polycrystalline samples without the columbite phase.

3. Investigate the fabrication of samples using chemical synthesis techniques such as
hydrothermal growth and coprecipitation of alkoxides.

It was hoped that chemical fabrication techniques would result in very fine spinel powders
with increased reactivity and thus enhanced densification.
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It was a further goal to determine the effects of purity and particle and/or grain size of the

spinels on their thermal and magnetic properties.

The program was conducted with all of the above goals in mind. The fabrication of spinels

was investigated and the results presented and summarized in the following:

1)

2)

3)

4)

5)

High purity spinel powders of ZnCr04 and CdCry0O4 were prepared using 99.999% pure
component powders of ZnO, CdO and Cr,03. Sintered samples were prepared from the
powders. Careful attention in the fabrication of these samples was taken to insure minimal
contamination. In order to investigate the effect of purity on the properties, reagent grade
conventional spinel powders and sintered samples were also prepared.

Highly dense (> 90%) polycrystalline disks of ZnCrO4 without the columbite sintering
aid, were achieved by controlling the ZnO volatility using a firing sand of the same
composition. The samples could be densified over the range of 1600°C to 1700°C,
resulting in grain sizes as large as 10 microns.

With respect to the densification of CdCro04, by attempting to control the CdO volatility
with firing sands, no enhancement in densification was observed. Severe CdO
volatilization was found to occur, even when firing sands were used above 1300°C. No
further attempts to control the CdO volatility were made owing to the fact of its
carcinogenic nature.

Highly dense ZnCr204 spinels could also be achieved using hot uniaxial pressing (HUP) at
temperatures as low as 14000C. The samples were found to have grain sizes as small as 1-
2 um. The fact that densification could only be achieved around 1400°C, clearly indicated
that hot isostatic pressing (HIP), which is limited to ~ 1200°C, would not be successful in
producing dense samples.

Though hot uniaxial pressing was successful in enhancing densification of
ZnCr30y4, the question of ZnO volatility and contamination from the pressme vessels
(graphite and Boron Nitride lubrication powder) remains a problem that needs to be
addressed. In addition, hot pressing was performed in a vacuum which may have resulted
in partial reduction of the ZnCrgO4.

As such, the high volatility associated with CdO and its relative ease of reduction
(CdO-Cd metal) made it impossible to attempt hot pressing.

Preparation of fine spinel powders using the hydrothermal technique was evaluated and it
was determined that extremely high pHs > 12, would be required resulting in compromised
purity due to severe reaction with the material of the containment vessel, namely the nickel
liner of the autoclave. Hence, fine powders of both spinels with particle sizes (<< 0.1 um)
were prepared using a coprecipitation technique. The powders were found to react to form

-50~




7)

the spinel phase at temperatures as low as 500°C to 600°C (CdCr04 and ZnCr;0y4,
respectively) being significantly lower than that for reagent grade powders. However,
enhancement of the sintering kinetics was not observed. Resulting densities of fired
samples were extremely low (< 50% theoretical) possibly being the result of poor powder
packing associated with ultrafine powders. In addition to poor packing efficiency, the high
surface area of the powders may have led to a problem in volatilization.

A literature search on the growth of single crystal spinels, namely ZnCryO4 and CdCrz04,
using the flux growth technique was performed. Based on the search, several potential
flux systems were selected including, 1) sodium tungstates NayW207 and NayWOQy4, 2)
PbO and PbF3, and 3) Bi2O3. Flux growth variables for the ZnCrO4 spinel included: 1)
flux type, 2) unreacted ZnO and Cr203 or calcined ZnCr,04 powder, 3) flux/spinel molar
ratio, 4) soak temperature and time, and 5) cooling rate. More than 30 flux growth runs
were made generally taking more than one week to complete. Crystal growth using the
BizO3 flux were generally more successful than the others. Small crystals (mm) were
grown and their crystallinity and structure confirmed by x-ray diffraction using a Gandolfi
camera.

To look at the effect of dopants and/or stress effects on the undistorted spinel lattice and
subsequent properties several dopant levels of Al*3 and Gd*+3 replacing the Cr*3 cation of
the ZnCryO4 spinel were proposed by Dr. William Lawless and samples fabricated. To
examine possible stress effects various spinel (ZnCryO4 and CdCryO4) glass composites
were made. Based on x-ray diffraction using internal standards no effect of stress (if
present) was observed.

Samples prepared and fabricated at Penn State University that were delivered to

CeramPhysics, Inc. are tabulated in Table XIII. Included are the time frame in which the samples
were fabricated as well as delivered. In addition, PSU, CeramPhysics (CP) and subcontractors
reports documenting these samples are referenced.
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Table XIII

f,g,i,m,n,0,q

Delivered Samples.
Time Frame
Material Fabricated--Delivered Report/Refs.
High Puritv Spinel
L. High Purity 99.999% CdCry04 2-3/88--3/88
2. Reagent Grade--CdCryOy4 2-3/88--3/88 f,g,m,0,q
(12500C--closed crucible)

3. High Purity 99.999% ZnCry04

4. Reagent Grade--ZnCr04
(1600°C--closed crucible)

5. High Purity 99.999% CdCryO4 Powder
C tionallv Sintered Spine}
ZnCr04

15000C
1550°C
16000°C
1650°C
17000C

Hot Pressed Spinels
ZnCry0O4

12500C
14000C
1450°C

Chemically P { Spinel
ZnCr;04 Powder
Calcined 600°C

Calcined 700°C
Calcined 800°C

-52-

11-12/87--2/88
11-12/87--2/88

12/87--1/89

12/88--1/89
12/88--1/89
6-8/88--8/88
6-8/88--8/88
6-8/88--8/88

7-8/88--8/88
7-8/88--8/88
7-8/88--8/88

7/88--12/88
7/88--8/88
7/88--12/88

f,g,i,m,n,0,q

f,.g,m,0,q

f.g.t

L,o,q
l,0,q

1,n,0,q
1,n,0,q
1,n,0,q

1,q,r,s

l,q,s
l,q,r,s




Time Frame
Material Fabricated--Delivered Report/Refs.
CdCry04 Powder
Calcined 500°C 11/88--12/88 I,t
Calcined 600°C 11/88--1/89 t
Calcined 700°C 11/88--1/89
ZnCr;04 Bar
Sintered 1400°C 12/88--1/89 t
CdCr204 Disk
Sintered 1300°C 12/88--1/89 t
Single Crvstal Spinel
ZnCr704/Bi203 [flux 35/65]--single crystal(s) 9-11/88--1/89 0,q,t
ZnCr204/Bi2O3[flux 30-70]--single crystal(s) 9-11/88--1/89 0,q,t
ZnCr204/Bi203 [flux 25/75]--single crystal(s) and flux 9-11/88--1/89 0,q,t
ZnCr04/NaW207-NaaWO4--single crystal(s) and flux l,0,q,t
Doped Spinels and Glass/Spinel Composites 10/87-3/88--3/88 g,h,i,m,n,p

(Total of ~ 20 samples)
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III.B. SAMPLE PREPARATIONS AT WEST VIRGINIA UNIVERSITY

Introduction

This document details our recent experimental work on the growth of the spinels
ZnCr,0, and CdCr,O,. This work was undertaken with the hope of growing large
enough single crystal samples for specific heat (C,), magnetic susceptibility (x), and EPR
measurements. The overall goal of this project was to obtain accurate C,, x, and EPR
data on defect-free samples, which will help to understand the microscopic mechanism
of the exceptionally high C, peaks exhibited by these materials in the 4 - 16 K range
(Lawless et al., 1986-87). The need for C, and x data employing single crystals became
even more urgent with the recent discovery by CeramPhysics that the C, peaks are quite
sensitive to the extent and type of doping (Lawless et al., 1988). For example, the
doping of ZnCr,O, by even 2-3% of a non-magnetic impurity (such as Al,O,, MoO,, or
sulfur) causes a splitting of the C, peak by up to 6 K (Lawless et al., 1988). This effect
has been confirmed by EPR and x measurements (Dalal and Kahol, 1989; Dalal and
DeLooze, 1989). In particular, EPR measurements have provided clear indications of
some 'free’ Cr’* spins below the T, of these materials (Dalal and coworkers, 1986-89).
Moreover, the concentration of these free’ Cr** spins was found to be higher in doped
samples than in pure powders. These results were supported by dc susceptibility
measurements on the same samples. On the other hand, theoretical (Monte Carlo)
calculations by Patton and coworkers (Lin and Patton, 1986; Lu and Patton, 1986;
Patton, Lin, and Lu, 1986) have indicated that the emergence of the free spins around
the phase transitions of these materials is an inherent property of the spinel lattices.

Discussions with Lawless, Clark, and their coworkers to the effect that C,, x, and EPR
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measurements on single crystal samples could help provide clear-cut evidence for the
role of lattice defects and impurities, and a sensitive check on theoretical models of the
origin of the unusually high C, values of these lattices provided the major impetus for

the presently described single crystal growth endeavor.

OQutline of Efforts in Single Crystal Growth

A. Initial Need of New Furnace

Efforts to synthesize single crystals of ZnCr,0, along the lines of the work of
Pajaczkowska and coworkers (Pajaczkowska, A. et al, 1981) with the commercial high
temperature furnace presently in our laboratory met with only limited success. Using
high pressure, simultaneous halogen transport of Cr,0, and ZnO with I, and Br, as
described in our previous reports (Dalal and DeLooze, 1989), we continued to produce
small granular structures with neither sufficient size nor orientable face to be
experimentally useful. We feel that the cause of the failure lies in the lack of
temperature control. Because of the large volume of our high temperature furnace, it is
difficult to eliminate temperature fluctuations in the controlled slow cooling caused by
the large ’dead volume’ and latent thermal mass of the heating chamber. These
temperature fluctuations in the furnace with the accompanying thermal gradients caused
in the sample charge produce numerous small areas of crystal nucleation, with the result
being a mass of fused microcrystals of little experimental use. Thus it was decided to

design and construct a furnace with a better control of temperature, less ’dead volume’
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(i.e., faster response to heater power), less thermal gradients, and sample mobility.

B. Furnace Design and Construction

To this end designs were drawn, taking into account the time and budgetary
constraints, for a much-modified, conventional furnace. A modified Bridgman-
Stockbarger (Mikkelsen, 1980) furnace was chosen. After the initial design of the
system was approved by our machine shop engineers (e.g., Figures 26 and 27) and
electronic technician (e.g., Figures 28 and 29), construction was begqun. The furnace
consists of two independently-controlled, nichrome resistance-heated Al,O, tubular
elements separated by a fused silica ring. In effect, the system is a large, vertical bore,
two zone tube furnace with the heated fused silica ring in place to shape and control the
gradients between the zones. The sample is moved between the two zones through the
established temperature gradient by means of a stepping motor drive assembly and

controller.

It was originally determined that the entire furnace, electronic as well as
mechanical sub-assemblies, would be produced in our own shops; however, after giving
due consideration to the time constraints for their construction and the need for
immediate use and reliability with a minimum testing period, it was agreed upon that
the electronic heater controls and heater elements should be produced by a commercial
manufacturer. Four Lindbergh Model # 721410220AC elements encased in

Carborundum Corp. FiberFrax® insulation with a dual aluminum sheath would make up
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Figure 27. Sample motor drive design particulars providing general instruction and theory as to drive design.
Drawing noted as Number 8 of 8.
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Schematic, Electrical, Tube Furnace Dater 08Sp89
Stepper Motor Controller w/ Supply Figure 3 of 8
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Figure 29. Electrical schematic of stepper motor controller, including power supply and motor wiring harness.
Note from Figure 3 t